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Abstract:
Earth’s climate can be tracked through geologic time by studying palaeobotanical
conditions, as plants are sensitive to fluctuations in climate. Plant biomarkers (molecules found
in the epicuticular wax of leaves) can be preserved for millions of years in sedimentary rocks, act
as molecular fossils, and provide insight into the type of vegetation cover at the time of
deposition. This project focused on extracting one such class of compounds: fatty alcohols. We
used fatty alcohols as biomarkers to improve palaeobotanical reconstructions of the Chuckanut
Formation during the Eocene. The fatty alcohols found in samples lacking macrofossils from the
Slide member of the Chuckanut Formation display a strong palm signature, reflecting a
subtropical climate at the time of deposition. This is consistent with the macrofossils found in the
Slide member. This study is the first to extract and identify fatty alcohols in the Chuckanut
Formation and shows promising results for improving palaeobotanical reconstructions in the
absence of macrofossils.
Introduction:
Earth’s climate has fluctuated continuously throughout geologic time, and scientists are
constantly searching for new ways to improve reconstructions of past environments. For
example, fossilized leaves are commonly used to reconstruct past climatic conditions because
terrestrial plants are very sensitive to temperature and precipitation regimes. Unfortunately,
intact leaf preservation is uncommon and the fossil leaf record is sparse. Recent studies have
demonstrated the value of using molecular biomarkers isolated from sediments to reconstruct
past terrestrial climates. A biomarker is a recognizable molecule produced by an organism.
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These molecules can be traced back to the organism therefore functioning as a molecular fossil.
Past studies of plant biomarkers have used ancient leaf waxes as the source of biomarkers.
Specifically, these studies used compounds such as n-alkanes, n-alkanols, and n-alkanoic acids
that form the protective layer on the outside of leaves. Implications from these works include
producing new vegetation cover reconstructions and improving our understanding of the carbon
and water cycles during past climates (Diefendorf et al., 2011; Ponton et al., 2012).
In this study I will explore the potential of n-alkanols (fatty alcohols) as biomarkers to
indicate the presence of palm trees in the Chuckanut Formation, a series of Eocene (~50 Ma)
sedimentary rocks in the Pacific Northwest of the USA.

Fatty Alcohols:
Fatty alcohols are aliphatic hydrocarbons containing a hydroxyl group in the terminal,
secondary, or tertiary position (Figure 1a). They can be naturally derived from plant, animal, or
bacterial sources or anthropogenically from pharmaceuticals, detergents, or plastics (Mudge,
2005). Terrestrial plant sources have been found to contain longer chain moieties with carbon
chain lengths between 22 and 32. This varies though depending on the species. Diefendorf et al.
(2011) examined the distribution of fatty alcohols in modern plant species. They found an
abundance of C22-C30 in deciduous angiosperms, C24, C26, and C30 in evergreen angiosperms,
C22 and C28 in deciduous gymnosperms and C22 and C24 in evergreen gymnosperms (Figure
1c). Mudge (2005) examined the fatty acid distributions of palm oil and found high
concentrations of C12 and C16 rather than the longer chain moieties found in the samples from
Diefendorf et al. (2011). Fatty acid chain lengths are reflective of their alcohol counterparts. I
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hypothesize that this unique biomarker signature, could make palm tree contributions easy to
identify (Figure 1b).

Figure 1: Panel A shows the molecular structure of a C16 fatty alcohol (C16). Panel B is
modified from Figure 2.4 in Mudge et al., 2008 and displays the carbon chain distributions of
fatty acids in palm oil and palm seed oil. Panel C shows the alcohol distribution of terrestrial
plants and is modified from Figure 3 in Diefendorf et al., 2011.
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Long chain moieties are commonly found in the cuticle of plants. The cuticle can be divided
into three sections: cuticle proper, epicuticular wax layer, and the epicuticular crustal layer.
Primarily, compounds used as biomarkers (n-alkanes, n-alkanols, and n-alkanoic acids) are found
in the epicuticular wax layer (Eglinton and Hamilton, 1967). This coating serves several
purposes for plants including prevention from desiccation, bacterial attack, and excess exposure
to UV rays (Mudge et al., 2019). The main function though, is the first listed: prevention of
water loss through evaporation. Due to this fact, the amount and distribution of plant wax
biomarkers provides information on precipitation levels and climate of the region where the
plants are/were growing (Feakins et al., 2016).
It is important to consider the preservation processes of fatty alcohols when extracting and
isolating compounds from fossilized sources. Long chain moieties are generally better preserved
than shorter chain moieties, and aliphatic compounds are more likely to degrade than those with
aromatic structures (Mudge et al., 2019). It is also possible for long chain compounds to degrade
into shorter chain compounds over time. Generally, alcohols with carbon chain lengths greater
than 20 are better preserved in sediments (Mudge, 2005). In general, plant waxes are relatively
stable in the environment and as such, debris from leaf fall often accumulates in soils and surface
sediment. Therefore, plant waxes are likely to adsorb to mineral particles and travel unaffected
from the source to the sedimentary depositional environment (Mudge et al., 2019).
Water solubility is another key factor in the preservation process of fatty alcohols. Fatty
alcohols are relatively non-polar molecules and thus are not readily soluble in water. Alcohols
with chain lengths greater than 10 carbons have extremely low water solubility, increasing the
odds that they are adsorbed into sediment (settled or suspended). Sediment adsorption affects
degradation, as some sediment allows compounds to enter anaerobic environments, potentially

5

leading to higher rates of preservation (Mudge, 2005). Indeed, plant waxes are resistant to
degradation and commonly are found in terrestrial sediments (Eglinton and Eglinton, 2008).

The Chuckanut Formation:
The Chuckanut Formation is one of the thickest non-marine sediment deposits in North
America. It consists of 6,000 meters of alluvial strata that was deposited during the Eocene
(Johnson, 1984). This Formation spans throughout the northwest corner of Washington and into
Canada (Figure 2). We collected samples from a site along Racehorse creek. Our sample location
is labeled in Figure 2. This location is exposed due to a massive landslide, rich with fossils.
These samples originate from the Slide member of the Chuckanut Formation. Our samples did
not contain macrofossils.

Figure 2: Courtesy of Katelyn Gadd (unpublished data). Shows sample site and location of
various outcrops throughout north-western Washington.
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Plant fossils are abundant and include a diverse assemblage of subtropical plants
reflecting a warmer and more humid climate than today (Mustoe et al., 2007). During the
Eocene, there were four distinct periods of deposition. Sedimentation in the early Eocene was
characterized by rapid sedimentation from meandering rivers. The river system started to
transition to a braided system during the early middle Eocene. Braided rivers started to form in
the east, while the west still had a meandering system. Breedlovestrout et al. (2013) subdivided
the region into five members: Bellingham Bay, Governor’s Point, Slide, Padden, and Maple
Falls. This study focuses on samples collected from the Slide member (Figure 3).

Figure 3: Stratigraphic column of the Chuckanut Formation labeling where samples originated
figure from Mustoe, 2019.
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The Slide member is a 1,960 m thick section of fine-grained sandstone that was deposited
by a large meandering river system. This section was dated at 53.676 +/- 0.023 Ma using U/Pb
zircons extracted from an ash layer on Racehorse Mountain (Breedlovestrout et al., 2013).
Reflecting this, the Slide member contains fining-upwards cycles. Coarser sections in this cycle
consist of coarse-grained sandstone, while the finer sections range from siltstone to mudstone
with sections of finer-grained sandstone and coal. These fining-upwards cycles have a mean of
14.4 and 3.8 m (Johnson, 1984). Importantly, this member contains large amounts of organic
matter. This organic matter is reflective of the biota present at the time of deposition.
The benefit of examining rocks from this member is that we can compare our results to the
abundant macrofossils available. Paleoclimate analysis has been done on these fossils using
Nearest Living Relative (NLR) techniques as well as Climate Leaf Analysis Multivariate
Program (CLAMP) to determine the mean annual temperature (MAT) (Breedlovestrout et al.,
2013). There is an abundance of Metasequoia, Sabalites, Glyptostrobus, and warm climate ferns
in the Bellingham Bay, Governor’s Point, and Slide members. This alone suggests a sub-topical
climate. Further analysis using CLAMP led previous authors to conclude that the MAT for the
Slide member was 16.0 degrees C (Mustoe et al., 1997). These results are based on whole leaf
data, which may not provide a full picture, as full fossilized leaves are generally rare. There are
stratigraphic sections in other locations that do not contain any macrofossils, leaving room for
significant improvements of palaeobotanical reconstructions.

Project Goals:
The objectives of this study were to extract and quantify long chain fatty alcohols from
rocks that do not contain macrofossils. Through developing methodology to extract fatty alcohol
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content from rocks we can investigate the paleoclimate in areas that are lacking in whole leaf
data, and further confirm the results from research. Extracting fatty alcohols from the Slide
member of the Chuckanut Formation will allow us to test the reliability of our observations by
comparing our data to the abundant whole leaf fossil record. Due to the extensive amount of
palm macrofossils, we expect to find the signature of an abundance of C12 and C16 alcohols as
discussed above. Using our quantifications and interpretations, we aim to improve
palaeobotanical reconstructions of palm trees during the Eocene in northwest North America.
This project will also lead to methodological improvements for extraction and isolation of fatty
alcohols from rock samples.
Methods:
We collected six rock samples of varying lithologies from the location shown in Figure 1.
Samples R3 and R11 were shale. R4, R12, and R7 were fine-grained sandstones and R10 was a
medium-grained sandstone. All rock samples were ground to a powder using a ball mill. I added
between 50 and 75 grams of sample to a cellulose thimble and placed the thimble in a Sohxlet for
extraction. The solvent used for extraction was 350 mL of a 9:1 mixture of DCM to MeOH and
the condenser was cooled with a constant flow of water. I heated the round bottom flask
containing solvent using a heating mantle connected to a Variac. The Variac was set to 36% at
120 V. Each extraction ran for 24 hours.
After extraction via Soxhlet, I used a Rotavap to reduce the volume of each sample to <10
mL. The Rotevap was set to 80 rpm with a bath temperature of 20 degrees C and vacuum setting
of 20-25 in Hg. Once the sample reached the desired volume, I transferred it from a 500 mL
round bottom flask to a 50 mL flask through a solvent washed (DCM) glass wool column. I did
this to remove any potential solid material that could have made it through the thimble during
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extraction. I then put each 50 mL flask on the Rotavap to bring the volume down down to a few
milliliters. The bath temperature and rpm needed to be adjusted to account for the smaller flask. I
used a bath temperature of 25 degrees C and an rpm of 115 for the smaller flask.
I saponified our samples by adding a 0.5 M solution (X mL) of KOH in MeOH. The solution
was added and allowed to react at room temperature for 30 minutes. After saponification, I ran
the samples through a solvent washed (DCM) sodium sulfate column. The column consisted of
glass wool overlain by about 3 cm of sodium sulfate in a pipette. I collected the samples in a 40
mL VOA vial, then brought them down to 5-10 mL using nitrogen gas.
To extract the non-polar lipids, I added 10 mL of hexane to the sample. The hexane fraction
partitioned to the top of the solution and was carefully removed using a pipette. I repeated this
extraction process three times. I brought the hexane fraction to dryness under nitrogen gas,
transferred samples into GC vials using three rinses of hexane, and brought them to dryness
again.
To form trimethylsilyl (TMS) ethers, I added 50 microliters of BSTFA and 450 microliters of
hexane to the vial containing the sample.
I ran the derivatized an initial sample, on the GC-FID. I set the instrument to start at 60
degrees C, hold for two minutes, then ramp up by 6 degrees per minute until it reached 325
degrees C, then hold for an additional five minutes. The GC-FID was set to inject 1 microliter of
sample. I started and followed every sequence with a hexane blank to test that the instrument had
not shifted retention times.
This yielded an unruly chromatogram containing what we assumed to be a combination
of organic compounds, not just fatty alcohols (Figure 4). I attempted to resolve this issue by
running our samples through a silica gel column before derivatizing and analyzing them via gas
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chromatography with flame ionization detection (GC-FID). Silica gel chromatography separates
compounds by polarity, allowing us to separate fatty alcohols from n-alkanes and other organic
components. I used three solvent rinses of increasing polarity. I rinsed first with hexane, second
with dichloromethane, and third with methanol yielding three separate fractions, F1, F2, and F3.
I suspected that the first fraction, F1, would contain n-alkanes and other less polar compounds.
My hypothesis was that F2 would contain the fatty alcohols and we hoped we would be able to
see distinct peaks and a low baseline. I ran the third solvent through mostly to make sure none of
our sample was stuck on the column.

Figure 4: Chromatogram of representative of sample R4 before Silica gel chromatography.
peaks and had a less consistent baseline than the F2 data (Figure 5). It is important to keep in
mind that if we had not run the silica gel column, the data from all three fractions would be
featured on a single chromatogram (e.g. Figure 4) making interpretation challenging.
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Figure 5: Chromatograms of all three fractions of sample R7 after silica gel column.

My F2 fractions contained clean peaks and low baselines (Figure 5). To assign fatty
alcohol carbon chain lengths to the data, we ran two standards: 1-octadecanol (C18) and 1eicosanol (C20). Using the retention times of these compounds, we were able to extrapolate how
long it would take for fatty alcohols of other chain lengths to realistically travel through the
column. It took C18 29 minutes and C20 31 minutes to be detected (Figure 6). From this, I
extrapolated that C16 should be detected at around 26 minutes. This matches our fraction 2
results for all the samples (Figure 7). It is important to keep in mind that similar compounds will
have greater spacing between them towards the beginning of the chromatogram. Using this
information, I assigned the peak at about 20 minutes to C12.
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Figure 6: Chromatograms of 1-octadecanol (top panel, C18) and 1-eicosanol (bottom panel,
C20).

Results:
Using the standards data, I assigned chain lengths to peaks in F2 data (Figure 2). For all
samples except R11, C12 and C16 were the most abundant fatty alcohols present. R11 is an
outlier possibly because this sample was not extracted for as long as the others due to technical
issues with the Sohxlet extraction. This could explain the general trend of lower concentrations
of all alcohols in this sample. To test this theory, we would need to sample from the same area,
run the samples again, and compare data.
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Along with high abundances of C12 and C16, we saw peaks associated with C22, C26,
and C30. C22 has the highest concentration in the samples of these longer chain alcohols, and in
sample R11 it was the most abundant alcohol detected.

Figure 7: Chromatograms of fraction 2 data for all samples. R3 and R11 were shales, R12 and
R7 were fine-grained sandstones, and R10 was a medium-grained sandstone.

Discussion and conclusions:
Palm trees contain a signature of fatty acids and alcohols with the most abundant carbon
chains being C12 and C16 (Mudge, 2005). Most other terrestrial plants contain mostly fatty
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alcohols with chain lengths between C22 and C32 (Diefendorf et al., 2011). All samples, besides
our R11 outlier, contained the highest concentrations of C16 followed by C12 or C22, depending
on the sample. For all samples those three compounds were the most abundant. Other smaller
peaks identified included C26 and C30 (Figure 7).
Rocks from the Slide member of the Chuckanut Formation contain a fatty alcohol
signature reflective of the presence of palm trees at the time of deposition (Figure 1, Figure 8).
This signature is consistent with the abundance of palm fossils commonly found in this member.
The terrestrial plant signature of all samples (high abundance of C22) is consistent with
signatures of modern evergreen gymnosperms (Figure 1c) (Diefendorf et al., 2011). This implies
a significant contribution from evergreen gymnosperms in the samples. My data further supports
the hypothesis that the lower members of the Chuckanut Formation (Bellingham member and
Slide member) were deposited in a subtropical environment.

Figure 8: Annotated chromatogram of fraction 2 of R7 to highlight the palm signature and
general terrestrial plant signature.
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The Chuckanut Formation is unique in its abundance of whole leaf fossils. The benefit of
trying these newly developed methods on a Formation with an extensive fossil record is it allows
verification of results. The fact that our data matches the fossil assemblages in the region
validates the accuracy of our methods. These results also imply that there is great potential for
reconstructing the palaeobotanical environment of the rest of the Chuckanut Formation, as well
as sedimentary formations around the world. These methods could allow for improvements or
creations of vegetation reconstructions in regions without a fossil record, after replications of this
study have been done on other regions with reliable fossil assemblages. This study is the first to
identify fatty alcohols in the Chuckanut Formation. The identification of a palm signature in this
region provides a promising framework for future studies to expand upon.
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S2: Chromatogram for sample R12, fraction 2

S3: Chromatogram for sample R12, fraction 3
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S4: Chromatogram for sample R3, fraction 1

S5: Chromatogram for sample R3, fraction 2
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S6: Chromatogram for sample R3, fraction 3

S7: Chromatogram for sample R4, fraction 1
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S8: Chromatogram for sample R4, fraction 2

S9: Chromatogram for sample R4, fraction 3
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S10: Chromatogram for sample R7, fraction 1

S11: Chromatogram for sample R7, fraction 2
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S12: Chromatogram for sample R7, fraction 3

S13: Chromatogram for sample R10, fraction 1
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S14: Chromatogram for sample R10, fraction 2

S15: Chromatogram for sample R10, fraction 3
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S16: Chromatogram for sample R11, fraction 1

S17: Chromatogram for sample R11, fraction 2
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S18: Chromatogram for sample R11, fraction 3

S19: Chromatogram for 1-octadecanol standard

S20: Chromatogram for 1-eicosanol standard
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